Radiation-induced lipid peroxidation and its association with antioxidant vitamins in the bone marrow (BM), of rats subjected to total body irradiation (TBI) of X-rays at a dose of 3 Gy was investigated. The concentration of vitamin C in the BM decreased at 4 h, and reached about 2% of the control level at 24 h after irradiation. The concentration of vitamin E in the BM also decreased to 43% at 24 h. Corresponding to the decrease in vitamin E concentration, the concentration of 4-hydroxynonenal (HNE) in the BM increased 2.5-fold at 24 h. Similarly, increases in the concentrations of hexanal and thiobarbituric acid-reactive substances (TBA-RS) were detected in the BM. In the plasma, these parameters of lipid peroxidation were unchanged up to 48 h, but were increased at 96 h after irradiation. Four days of vitamin E administration to rats (p.o. 460 mg/kg body weight) prior to the 3 Gy X-irradiation increased the vitamin E concentration in the BM to 1.3-fold the control level, but did not attenuate the increases in HNE and hexanal in the BM. The slight accumulation of vitamin E in the BM as a result of the vitamin E treatment may be partly related to this lack of vitamin E effect.
In radiotherapy, ionizing radiation is used to damage target cells or tissue. However, the irradiation also damages nontarget cells or tissue. Since irradiation of the body results in oxidative stress due to the formation of oxygen radicals, 1 damage due to irradiation could be controlled by antioxidants and antioxidative enzymes, resulting in successful radiotherapy.
It has been reported that membrane lipids are susceptible to radiation-induced oxidative stress, and the resulting lipid peroxidation products are factors of radiation-induced toxicity, 2 although it is generally agreed that DNA is the dominant target. 3 It has also been shown that the accumulation of lipid peroxidation products is associated with degenerative diseases and aging. 4 The bone marrow (BM) is known to be particularly susceptible to radiation, and total body irradiation (TBI) may be performed several times preceding bone marrow transplantation (BMT) at a dose of about 3 Gy to kill the BM cells of the recipient. 5, 6 We have reported that total body X-irradiation of mice markedly decreased the vitamin C concentration in the BM within a few hours, followed by a decrease in vitamin E concentration. 7 Such changes in the concentrations of antioxidant vitamins were not detected in liver or serum for at least 2 days after the irradiation. Schwenke et al 8 reported that irradiation of mice at a dose of 15 Gy did not increase lipid peroxides in the BM microsomes. In their study, they evaluated lipid peroxidation by the thiobarbituric acid (TBA) method which has been criticized for its lack of specificity. 9, 10 Although the concentrations of antioxidants in plasma have been reported to decrease following TBI in humans, 5, 11, 12 changes in the concentrations of antioxidants and the association of these changes with lipid peroxidation have not been clarified, particularly in the BM. Accordingly, it is of interest to determine how lipid peroxidation occurs in the BM following irradiation, and whether lipid peroxidation is influenced by antioxidant treatment.
4-Hydroxynonenal (HNE) and hexanal are major aldehydes that are produced in vivo and in vitro from n-3 polyunsaturated fatty acids such as linoleic acid and arachidonic acid during lipid peroxidation. HNE has been reported to be highly toxic, and a reliable indicator for lipid peroxidation. 13 Thus, in this study, we investigated the changes in lipid peroxides, especially HNE, and antioxidant vitamins in BM following total body X-irradiation of rats. We also clarified the effect of excess vitamin E treatment on X-ray-induced lipid peroxidation in the BM.
Materials and methods

Materials
Cyclohexane-1,3-dione was obtained from Aldrich Chemical (Milwaukee, WI, USA). (E)-4-Hydroxy-2-nonenal was synthesized by the method of Gardner et al. 14 Other chemicals were purchased from Wako Pure Chemical (Osaka, Japan).
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Experimental animals and X-ray irradiation
Male Wistar rats (5 weeks old) obtained from SLC (Shizuoka, Japan) were housed individually in cages in a room with a constant temperature of 23 Ϯ 1°C and a 12 h light-dark cycle. Rats had free access to laboratory feed (CE-2, Japan Clea, Tokyo, Japan) and drinking water throughout the experimental period. Rats were subjected to X-ray TBI in a chamber without anesthesia. X-irradiation was performed using a soft X-ray unit (OM-150RS, Ohmic, Tokyo, Japan) at a dose rate of 0.4 Gy/min (140 kV, 9 mA). The beam was filtered through Cu (0.5 mm) and Al (0.1 mm), and the dose rate was monitored using a Radocon-exposure rate monitor (Victreen, Cleveland, OH, USA). In these conditions, an exposure of rats to 3 Gy decreased spleen weight by 50% of the unirradiated levels on day 2.
In experiment 1, rats were irradiated with X-rays (3 Gy), then sacrificed at 4, 24, 48, 72 and 96 h after irradiation. In experiment 2, rats were divided into four groups of five rats each: non-irradiated, non-irradiated with vitamin E, Xray irradiated, and X-ray irradiated with vitamin E. Each group of rats received either vitamin E (dl-alpha-tocopheryl acetate dissolved in stripped corn oil, 460 mg/kg body weight, p.o.) or an equivalent amount of vehicle (about 0.5 ml per rat) for 4 days. The following day, rats in the groups to be irradiated were subjected to X-ray TBI (3 Gy), and sacrificed at 48 h after irradiation. BM cells and plasma were immediately prepared for the analyses of antioxidants and lipid peroxides as described previously. 7 
Analytical methods
Vitamin E (alpha-tocopherol), and vitamin C (ascorbic acid) were extracted and analyzed by HPLC with an electrochemical detector as described elsewhere. 7 HNE and hexanal concentrations were measured by HPLC with a fluorescence detector as reported previously. 15 Briefly, 0.5 ml of plasma or BM samples was treated with an equal volume of methanol, and then centrifuged. The resulting supernatant (0.5 ml) was mixed with cyclohexane-1,3-dione reagent (1.0 ml) and incubated at 60°C for 1 h. The reaction mixture was passed through a Sep-Pack C18 cartridge (Waters, Milford, MA, USA) for cleaning and eluted with methanol. This methanol solution was used as the HPLC sample. The HPLC conditions were as follows: column, Wakosil 5C18 (150 × 4.6 mm, Wako Pure Chemical Ind., Osaka, Japan); mobile phase, linear gradient of 17% tetrahydrofuran (THF) to 25% THF in water from 0 to 20 min, then 25% of THF in water from 20 to 25 min; flow rate, 1.0 ml/min; column temperature, 40°C; fluorescence detection, excitation at 380 nm and emission at 445 nm. The concentration of TBA-reactive substances (TBA-RS) was measured in BM using a colorimetric method, 16 and in plasma using a fluorometric method. 17 Protein was determined using a BCA protein assay kit (Pierce, Rockford, IL, USA).
Statistical analysis
Data are presented in terms of the means and s.e.m. Comparison between groups was carried out using ANOVA (one-way in experiment 1, and two-way in experiment 2) followed by a post hoc test (Scheffe). The Pearson correlation coefficient was used to assess the relationship between antioxidants and lipid peroxides. P values less than 0.05 were considered significant. These statistical analyses were performed using a computer program (StatView 4.5; Abacus Concepts, Berkeley, CA, USA).
Results
Time-dependent changes in antioxidants and lipid peroxides (experiment 1)
Following X-ray TBI of 3 Gy, the concentration of vitamin C in BM significantly decreased at 4 h, and decreased to about 2% of the level of control rats at 24 h (Figure 1 ). The concentration of vitamin E also decreased at 4 h, and significantly decreased to 43% of the level of control rats at 24 h after irradiation. These decreases in the concentrations of antioxidant vitamins in the BM following irradiation partially recovered by 72 to 96 h after the irradiation. The results were consistent with those of our previous study using mice. 7 The concentrations of TBA-RS, HNE and hexanal in the BM were analyzed and the results are shown in Figure 2 . HNE tended to increase at 4 h, and significantly increased by 2.5-fold the control level at 24 h after the irradiation. A higher concentration of HNE was observed thereafter. The concentrations of hexanal and TBA-RS in the BM also significantly increased at 24 h after irradiation, but these changes were slightly different from the change in HNE concentration; the concentrations gradually increased up to 72 h after the irradiation, then decreased at 96 h. At 72 h after the irradiation, the increases in the concentrations of hexanal and TBA-RS in the BM were 4.1-fold and 1.9-fold the control levels, respectively. When the correlation between vitamin E and lipid peroxides was examined using the data shown in Figures 1  and 2 , there was a marked negative correlation between vitamin E and HNE concentrations in the BM (r = 0.75, P Ͻ 0.001) (Figure 3 ). Similarly, a significant negative corre- * * * * * * * * * Vitamin E (nmol / mg protein) HNE (nmol / mg protein) n = 24 r = 0.746 P < 0.0001 Figure 3 Correlation between the concentrations of 4HNE and vitamin E in BM. Correlation coefficient analysis was performed on the data shown in Figures 1 and 2 . Each data point represents one rat. lation was found between vitamin E and hexanal (r = 0.55, P Ͻ 0.01), or vitamin E and TBA-RS concentrations in the BM (r = 0.56, P Ͻ 0.01). Changes in the plasma concentrations of HNE, hexanal and TBA-RS were also determined, and the results are shown in Figure 4 . In contrast to the BM, these parameters of lipid peroxidation in the plasma were unchanged up to 48 h after irradiation, but significantly increased at 96 h, when the levels were 1.7- * * fold for HNE, 1.4-fold for hexanal, and 1.2-fold for TBA-RS of the control levels, respectively.
Influence of vitamin E treatment on the X-ray-induced increase in lipid peroxidation in the BM (experiment 2)
The concentration of vitamin E in the BM was significantly increased by 1.3-fold in rats administered vitamin E at a dose of 460 mg/kg body weight for 4 days ( Table 1) . However, the increase was very slight considering the high dose administered, which corresponds to about 100 times the daily dietary intake. At 48 h after the 3 Gy X-irradiation, the concentrations of vitamin E and vitamin C decreased, and those of HNE and hexanal increased in the BM. The vitamin E treatment tended to attenuate the increases in HNE and hexanal concentrations due to the irradiation, but the changes were not significant.
Discussion
In this study, rats were subjected to X-ray TBI at a dose of 3 Gy to investigate the time-dependent changes in the concentrations of lipid peroxides and antioxidant vitamins in BM. The concentrations of vitamin C and vitamin E in the BM significantly decreased after the irradiation ( Figure  1) . The results were consistent with our previous findings in mice. 7 The marked decrease in vitamin C concentration might be related to the fact that ionizing radiation produces Table 1 Effect of vitamin E administration on the concentrations of antioxidants and aldehydes in the bone marrow of rats subjected to whole body X-irradiation at a dose of 3 Gy primary radicals in aqueous environments, 1 and water-soluble antioxidants act as a first line of protection against radiation-induced membrane lipid peroxidation. 18 It is also possible that vitamin C is located in the cytosol and vitamin E in the membrane, and the vitamin C regenerates vitamin E from its radical, 19 resulting in the marked decrease in vitamin C. HNE has been shown to be a reliable marker of lipid peroxidation, and to be one of the toxic lipid peroxidation products. 13 The concentration of HNE in the BM increased concomitant with the decrease in vitamin E concentration, and a significant negative correlation was observed between the two parameters ( Figure 3) . Similar to HNE, other parameters of lipid peroxidation, ie hexanal and TBA-RS concentrations, also increased following irradiation. These findings indicate that a significant oxidative stress was induced in the BM due to the X-ray TBI at the dose of 3 Gy. An increase in the level of lipid peroxidation concomitant with decreases in vitamin C and vitamin E concentrations has also been reported by other investigators using plasma and whole blood treated with aqueous radicals. 19, 20 In those studies, it was shown that lipid peroxidation products did not accumulate until there was a significant decrease in vitamin E concentration. Schwenke et al 8 reported that irradiation of mice at a dose of 15 Gy did not increase the TBA-RS concentration in BM microsomes. In their study, they evaluated lipid peroxidation immediately following irradiation. Thus, it is reasonable to speculate that enough vitamin E to prevent lipid peroxidation still existed in their microsomal samples, resulting in the lack of an increase in the TBA-RS concentration following irradiation.
It has been shown that radicals produced by ionizing radiation are produced in the aqueous environment, and that the majority are hydroxyl radicals. 1 The hydroxyl radical is highly reactive and interacts with biomolecules immediately following irradiation. The calculated amount of primary radicals produced after exposure to 3 Gy of X-rays has been estimated to be about 2 m, 21 whereas the concentration of vitamin C is much higher, being about 700 m.
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In this study, an increase in the level of lipid peroxidation in the BM was observed about 4 h after the irradiation. Thus, it is reasonable to speculate that the radicals which induced lipid peroxidation following irradiation are not primary radicals but secondary radicals which are formed some time after irradiation, accompanying the decrease in the concentration of antioxidants. Even in in vitro experiments, about 1 h was required for the accumulation of lipid peroxides after the treatment with a radical initiator, 19, 20 or X-irradiation. 2 This study was performed in vivo. Thus, the supply of antioxidants from the blood into the BM, and the effect of antioxidant enzymes might be associated with the delayed onset of lipid peroxide accumulation. At present, it is unclear what mechanism is involved in the delayed accumulation of lipid peroxides in the BM due to irradiation. Our preliminary experiment showed a marked increase in iron in the BM following irradiation. The iron concentrations in the BM (nmol/mg protein, mean Ϯ s.e. four to five rats), that was analyzed by an atomic absorption spectrophotometer, were 22 Ϯ 1 for control, 28 Ϯ 2 (P Ͻ 0.02) for 3 h and 37 Ϯ 2 (P Ͻ 0.001) for 5 h after an exposure of 3 Gy, respectively. Therefore, we speculate that the increase in iron due to irradiation could result in the formation of hydroxyl radicals via the Fenton or HaberWeiss reaction, thereby accumulating lipid peroxides in the BM and inducing the formation of HNE and hexanal from lipid hydroperoxides.
Increases in the concentrations of HNE, hexanal and TBA-RS in the serum were also detected, but the increases occurred about 3 days later than those in the BM. It is possible that the increase in the concentration of lipid peroxides in the BM due to irradiation acted as a trigger for the increase in the level of lipid peroxidation in the plasma. Arterbery et al 6 observed that breath ethane, a marker of n-3 fatty acid oxidation, increased on day 2 after TBI for 4 days. Clemens et al 5 reported an increase in lipid peroxide and decrease in antioxidant vitamin concentrations in human plasma following TBI at a dose of 2 Gy twice daily for 3 days preceding BMT. In animal experiments, an increase in the concentration of lipid peroxides, which was delayed about 2-7 days after X-irradiation, was detected in liver and spleen. 23, 24 Taken together, these findings suggest that radiation-induced lipid peroxidation does not occur immediately after irradiation, but occurs following a decrease in the concentration of antioxidants both in BM and other tissues.
Vitamin E is an efficient antioxidant which prevents lipid peroxidation. However, vitamin E treatment did not prevent lipid peroxidation in the BM due to irradiation in this study (Table 1 ). Insufficient accumulation of vitamin E in the BM may be partly associated with the lack of the effect of vitamin E treatment. Roy et al 25 have shown that radio-labeled vitamin E was incorporated only slightly into BM. We have observed that vitamin E in plasma did not significantly decrease on day 2 after X-ray TBI up to 10 Gy. 26 Thus, the uptake of vitamin E into the BM cells from the blood would be reduced by the irradiation, because the BM cell survival was reported to be less than 10% after TBI at 3 Gy. 27 It may be difficult to accumulate excess vitamin E in rats fed a commercial rodent diet, because the rodent diet contains sufficient amounts of vitamin E, as noted by Tappel and Tappel. 28 These factors may also be associated with the lack of the effect of vitamin E treatment in the present study. Further detailed study will be necessary to clarify these possibilities.
We previously reported that intake of vitamin E either in the diet or by intragastric gavage did not influence Xray-induced chromosomal damage in the BM of mice, even though a marked difference in the vitamin E level in BM was detected. 29 Our previous study and this study suggest that vitamin E does not influence BM cell damage induced by irradiation. These findings may be applicable to BMT, because in general TBI is performed as a conditioning therapy prior to BMT to kill the BM cells of the recipient. It has been reported that BMT was not successful in patients with high plasma TBA-RS concentrations following irradiation. 12 The findings suggest that the prevention of lipid peroxidation at sites other than the BM is important for successful transplantation. Przybyszewski et al 30 reported that the TBA-RS concentration in serum and heart increased about 4 days after fractionated gammairradiation, and the increase was diminished by vitamin E treatment. Therefore, we speculate that the increase in lipid peroxide concentration, which occurred in plasma and other tissues except the BM a few days after the irradiation, is preventable. Studies to clarify the underlying mechanism of the delayed onset of lipid peroxidation due to irradiation and its prevention by antioxidants are in progress.
